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Abstract 

Two-phase flow in pneumatic two-fluid fuel noz- 
zl es was experimentally investigated to determi ne 
the effect of atomizing-gas density and gas rnass- 
flux on liquid-jet breakup in sonic-velocity gas- 
flow. 
atomizing-gases: nitrogen, argon, carbon dioxide 
and helium. They were selected to cover a gas 
molecular-weight range of 4 to 44. Atomizing-gas 
mass-flux ranged from 6 to 50 gIcm2-sec and four 
differently sized two-fluid fuel nozzles were used 
having orifice diameters that varied from 0,32 to 
0.56 cm. 

Dropsize data were obtained for the following 

D32 Sauter mean drop diameter, 

xinD:/zinD:, cm 

k correlation coefficient for Eq. ( 1 )  

k' correlation coefficient for Eq. (3) 

Nn 

Nr 

exponent for Nukiyama-Tanasawa dropsize dis- 
tribution expression 

exponent for Rosin-Rammler dropsize distribu- 
tion expression 

The ratio of liquid-jet diameter to SMD, DOID32. 
was correlated with aerodynamic and liquid-surface 
forces based o n  the product of the Weber and Reynolds 
number, We Re, and gas-to-liquid density ratio, pg/pl. To correlate spray dropsize with breakup Re Reynolds number, DopgVc/r 
forces produced by using different atomizing-gases, a 

number of droplets 

gas constant, 8.31~107 ergs 

fluid velocity, cm/sec new mol ecular-scale dimensionless group was -derived, 
3 p,VmIgpg, and used to obtain the following 

expression: 

2 2 3  We Re = p D V /upl, p1 9 o c  where 
o is surface tension, Vc is acoustic gas velocity, 
Vm is RMS velocity o f  gas molecules, g is acceler- 
ation of gas molecules due to gravity, and pg is 
gas viscosity. 

in two-fluid atomizers, it is evident that 
D;: .. (P~V~)'.~~. This expression agrees well with 
atomization theory for liquid-jet breakup in high- 
velocity gasflow, i.e., in the regime o f  aero- 
dynamic stripping. Also, it was found that at the 
same gas mass-flux, P9Vc, helium was considerably 
more effective than nitrogen in producing small- 
droplet sprays with SHD's in the order of 5 pm. 

is liquid viscosity, 

From this expression for liquid-jet breakup 

b 

C 

DC 

D i  

Dv.5 

D3 1 

Nome nc 1 at urg 

dropsize parameter in Nukiyama-Tanasawa 
expression, cm 

dropsize parameter in Rosin-Rammler expres- 
sion, crn 

characteristic drop diameter measured for 
entire spray, cm 

diameter o f  ith drop, cin 

volume medlan drop diameter, cm 

volume-I inear mean drop diameter, 

V 

w weight flow of fluid, g/sec 

We Weber number, D p V / O  

X droplet diameter in dropsize distribution 
expression, cm 

IJ absolute vi scosf ty, g/cm sec 

P fluid density, g / c d  

0 

volume fraction of droplets with diameters 
less than or equal t o  x 

2 
0 9 c  

surface tension of liquid relative t o  air, 
dynes Icm 

Subscripts: 

C acoustic 

9 gas 

1 1 iquid 

m molecular 

0 orifice 

W water 

Introduction 

Liquid-fueled gas turbine and rocket combustor 
performance can be markedly improved with two-fluid 
fuel nozzles capable o f  producing large numbers of 
small fuel droplets, i.e., fuel sprays that have a 
large liquid surface-area t o  volume ratio. This 
improvement in combustor performance is due t o  the 
fact that large surface-area sprays yield high 
vaporization and burning rates. 
droplets produced by this type of atomizer vaporize 

The very small 
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f a s t  Snough so t h a t  i t  may a l s o  be used TO Form 
premixed-prevapor ized  f u e l - a i r  m i x t u r e s  su i  t a b l e  
f o r  a p p l i c a t i o n  i n  c a t a l y t i c  combustors.  

A s  r e p o r t e d  i n  Ref. 1 ,  an i n v e s t i g a t i o n  was 
p r e v i o u s l y  conducted u s i n g  f o u r  d i f f e r e n t l y  s i z e d  
t w o - f l u i d  nozz les .  I t  was found t h a t  r e c i p r o c a l  

1 Sauter  mean d iamete r ,  D i 2 .  c o u l d  be c o r r e l a t e d  w i t h  
the  p roduc t  o f  t h e  Weber number, Reynolds number, 
and g a s - t o - l i q u i d  d e n s i t y  r a t i o  r a i s e d  t o  t h e  0 .44  
power as f o l l o w s :  D i i  - (We Re pg/p1)o'44. T h i s  

r e l a t i o n s h i p  shows t h a t  D32 - V i  1 ' 3 3  where V c  i s  

a c o u s t i c  gas v e l o c i t y .  
t h a t  p r e d i c t e d  by a t o m i z a t i o n  t h e o r y  f o r  l i q u i d - j e t  
breakup i n  h i g h  v e l o c i t y  gas f l ow .  

Numerous i n v e s t i g a t o r s  have s t u d i e d  the  e f f e c t  
o f  f l u i d  p r o p e r t i e s  on l i q u i d - j e t  a t o m i z a t i o n .  Some 
o f  t h e i r  r e s u l t s  a re  g i v e n  i n  R e f s .  2 t o  4. O f  a l l  
t he  f l u i d  p r o p e r t i e s  t h a t  a f f e c t  a t o m i z a t i o n ,  i t  was 
found i n  Ref .  1 ,  t h a t  a c o u s t i c  mass- f lux ,  p9Vc, had 
the  g r e a t e s t  e f f e c t  on t h e  f i n e n e s s  o f  a t o m i z a t i o n  
o b t a i n e d  w i t h  t w o - f l u i d  nozz les .  However a t  p res-  
e n t ,  t h e  independent e f f e c t  of gas d e n s i t y ,  pg, on 
spray  d r o p s i z e  has n o t  been v o r y  w e l l  e s t a b l i s h e d  i n  
the  l i t e r a t u r e  as i n d i c a t e d  i n  Refs. 5 and 6.  There- 
f o r e ,  i n  t h e  p resen t  s tudy ,  t h e  e f f e c t  o f  gas d e n s i t y  
on spray  d r o p s i z e  was i n v e s t i g a t e d .  To accompl ish  
t h i s ,  a c o u s t i c  g a s - v e l o c i t y  was h e l d  cons tan t  w h i l e  
gas d e n s i t y  was v a r i e d .  I n  a d d i t i o n ,  a wide range 
o f  a c o u s t i c  g a s - v e l o c i t i e s  was i n v e s t i g a t e d  by u s i n g  
f o u r  d i f f e r e n t  a t o m i z i n g  gases h a v i n g  mo lecu la r  
we igh ts  r a n g i n g  from 4 t o  44. The gases used were 
he l i um,  n i t r o g e n ,  a rgon and carbon d i o x i d e .  

I n  t h e  p r e s e n t  s tudy ,  two-phase f low i n  f u e l  
nozz les  was e x p e r i m e n t a l l y  i n v e s t i g a t e d  t o  d e t e r -  
mine t h e  e f f e c t  o f  a c o u s t i c  g a s - v e l o c i t y  and mass- 
f l u x  on c h a r a c t e r i s t i c  sp ray  d r o p s i z e s  produced by 
l i q u i d - j e t  breakup i n  h i g h  v e l o c i t y  gas f l ow .  Char- 
a c t e r i s t i c  d r o p s i z e s  were measured w i t h  a s c a t t e r e d -  
l i g h t  scanner deve loped a t  t h e  NASA Lewis Research 
Center .7  The sprays  were sampled a t  a d i s t a n c e  o f  
2.2 cm downstream o f  t h e  f u e l - n o z z l e  o r i f i c e ,  t o  
m in im ize  t h e  l o s s  o f  smal l  d r o p l e t s  due t o  vapor i za -  
t i o n  and d i s p e r s i o n .  The sprays  were i n j e c t e d  i n t o  
a low v e l o c i t y ,  5 m/sec, s t ream to  a i d  i n  t r a n s p o r t -  
i n g  v e r y  smal l  d r o p l e t s  th rough  t h e  l a s e r  beam. 
S m a l l - d r o p l e t  sprays  w i t h  Sau te r  mean d iamete rs  
v a r y i n g  f r o m  3 to  30 pm were produced by t h e  a tomi -  
z a t i o n  o f  smal l -d iameter  l i q u i d  j e t s  i n  t h e  reg ime 
o f  ae rodynamic -s t r i pp ing ,  i . e . ,  h i g h - v e l o c i t y  gas- 
f l o w .  L i q u i d  and gas p ressu res  were v a r i e d  f r o m  
0.2 to 1.0 MPa. 

The exponent agrees w i t h  

Appara tus  and Procedure 

A t w o - f l u i d  a tomize r  was mounted h o r i z o n t a l l y  
i n  t h e  open d u c t  as shown i n  F i g .  1 .  A i r  s u p p l i e d  
a t  ambient tempera ture ,  293 K ,  passed th rough  t h e  
24 cm i n s i d e  d iamete r  t e s t  s e c t i o n  b e f o r e  b e i n g  
exhausted t o  t h e  atmosphere. The t e s t  s e c t i o n  was 
1 m i n  l e n g t h  and a i r f l o w  r a t e  i n  t h e  t e s t  s e c t i o n  
was measured w i t h  a 5.08 cm d iamete r  o r i f i c e .  To 
a i d  i n  t r a n s p o r t i n g  sma l l  d r o p l e t s  th rough  t h e  
l a s e r  beam, an a i r s t r e a m  v e l o c i t y  o f  5 m/sec was 
ma in ta ined  i n  t h e  t e s t  s e c t i o n .  F i g u r e  2 shows a 
schematic d raw ing  o f  t h e  spray  and i n s t r u m e n t a t i o n .  

Four pneumatic t w o - f l u i d  a tomize rs  were f a b r i -  
ca ted  acco rd ing  t o  t h e  d iagram i l l u s t r a t e d  i n  F i g .  3 

w i t h  o r i f i c e  d iamete rs  rang ing  from 0.32 t o  0.56 cm. 
The a tomize r  was opera ted  over  p ressure  ranges  o f  
0.2 t o  1 .0  MPa for bo th  water and the  a t o m i z i n g  gas. 
Sprays were i n j e c t e d  downstream i n t o  t h e  a i r f l o w  
j u s t  upstream of t h e  duc t  e x i t .  The sprays  were 
sampled a t  a d i s t a n c e  o f  2.2 cm downstream o f  t h e  
a tomize r  . 

Water a t  a tempera ture  o f  298 K. measured w i th  
an I . C .  thermocouple,  was a x i a l l y  i n j e c t e d  i n t o  t h e  
a i r s t r e a m  by g r a d u a l l y  open ing  a c o n t r o l  v a l v e  u n t i l  
t h e  d e s i r e d  flow r a t e  of  3.15 g/sec was o b t a i n e d  as 
i n d i c a t e d  by a t u r b i n e  f lowmeter.  The a t o m i z i n g  gas 
was then t u r n e d  on and we igh t  f l o w r a t e  was measured 
w i t h  a 0.51 cm d iamete r  sharp-edge o r i f i c e .  A f t e r  
t h e  a i r ,  a t o m i z i n g  gas and water  f l o w r a t e s  were s e t ,  
t h e  Sauter  mean drop  d iameter  was measured w i t h  t h e  
sca t te red -1  i g h t  scanner t o  c h a r a c t e r i z e  each sp ray .  
Exponents for  t h e  Rosin-Rammler and Nukiyama-Tanasawa 
d rops i ze  d i s t r i b u t i o n  express ions  were a l s o  d e t e r -  
mined u s i n g  t h e  s c a t t e r e d - l i g h t  scanner.  

The o p t i c a l  s y s t e m  o f  t he  s c a t t e r e d - l i g h t  scan- 
n e r  shown i n  F i g .  2 c o n s i s t s  o f  a l a s e r  beam expander 
w i t h  a s p a t i a l  f i l t e r ,  r o t a t i n g  scanning s l i t ,  and a 
d e t e c t o r .  Us ing  a 4 .4  by 1 .9  cm l a s e r  beam, t h e  
i ns t rumen t  measures s c a t t e r e d  l i g h t  as a f u n c t i o n  o f  
s c a t t e r i n g  ang le  by r e p e a t e d l y  sweeping a v a r i a b l e -  
l e n g t h  s l i t  i n  t h e  foca l  p lane  o f  t h e  c o l l e c t i n g  
l e n s .  The d a t a  o b t a i n e d  i s  s c a t t e r e d - l i g h t  energy  
as a f u n c t i o n  of  t h e  s c a t t e r i n g  ang le  r e l a t i v e  t o  
t h e  l a s e r  beam a x i s .  Th i s  method o f  p a r t i c l e  s i z e  
measurement i s  s i m i l a r  t o  t h a t  g i v e n  i n  Ref .  8 .  

p o i n t s  on a p l o t  o f  s c a t t e r e d - l i g h t  energy  normal-  
i z e d  t o  t h e  maximum energy and p l o t t e d  a g a i n s t  sca t -  
t e r i n g  ang le  can be used t o  de termine t h e  Sau te r  
mean d iamete r ,  t h e  volume median, t h e  volume l i n e a r  
and the  75-percent volume d iamete rs  as i l l u s t r a t e d  
i n  F i g .  4 .  The d i s p e r s i o n  of  t h e  s i z e  d i s t r i b u t i o n  
i s  a l s o  de termined from the  p o i n t s  on t h e  p l o t  shown 
i n  F i g .  4 .  Also ,  i t  shou ld  be n o t e d  t h a t  t h i s  method 
o f  d e t e r m i n i n g  c h a r a c t e r i s t i c  d rop  d iamete rs  and d i s -  
p e r s i o n  o f  d r o p s i z e s  can be used independent  o f  t h e  
p a r t i c l e  s i z e  d i s t r i b u t i o n  f u n c t i o n  as d i scussed  i n  
Ref. 9.  For a t y p i c a l  measurement, t h e  scan i s  
repea ted  60 t imes  p e r  second to average out any 
temporal  v a r i a t i o n s  i n  t h e  energy  curve .  

Spray p a t t e r n  e f fec ts  were m in im ized  by measur- 
i n g  c h a r a c t e r i s t i c  d rop  d iamete rs  u s i n g  t h e  e n t i r e  
spray .  R e p r o d u c i b i l i t y  u s i n g  t h i s  techn ique  was 
w i t h i n  i5 p e r c e n t .  C a l i b r a t i o n  was accompl ished 
w i t h  f i v e  s e t s  of monosized p o l y s t y r e n e  spheres hav- 
i n g  d iamete rs  of 8 ,  12, 25, 50, and 100 pm. S ince  
t h e  p r e s e n t  sprays were sampled v e r y  c l o s e  t o  t h e  
a tomize r  o r i f i c e ,  t hey  con ta ined  a r e l a t i v e l y  h i g h  
number -dens i ty  of  v e r y  smal l  d rops .  As a r e s u l t ,  
t h e  l i g h t - s c a t t e r i n g  measurements r e q u i r e d  co r rec -  
t i o n  for m u l t i p l e  s c a t t e r i n g  as d e s c r i b e d  i n  Ref .  10. 

Drop s i z e  measurements were a l s o  c o r r e c t e d  t o  
i n c l u d e  Mie  s c a t t e r i n g  t h e o r y  when v e r y  sma l l  drop- 
l e t  d iamete rs ,  i . e . ,  < l o  pm, were measured. 

Exper imenta l  R e s u l t s  

I n  Re f .  9 .  i t  was found t h a t  measurements o f  

Four a t o m i z i n g  gases, i . e . ,  n i t r o g e n ,  a rgon,  
carbon d i o x i d e  and h e l i u m  were used i n  t w o - f l u i d  
f u e l  nozz les  t o  s tudy  t h e  e f f e c t  o f  a tomiz ing-gas  
d e n s i t y  on  sp ray  d r o p s i z e .  To demonst ra te  t h i s  

2 



e f f e c t .  severa l  d imens ion less  groups were 
i n v e s t i g a t e d .  

E f fec t  of  Atomizinq-Gas Mass-Flux on Spray Drops ize  

The r e c i p r o c a l  SMD, D;: was p l o t t e d  a g a i n s t  
atomizing-gas f l o w r a t e  p e r  u n i t  a rea  as shown i n  
F i g .  5.  From t h i s  p l o t ,  t h e  f c l l l o w i n g  r e l a t i o n s h i p  
i s  ob ta ined  for  t h e  four a tomiz ing-gases ,  he l i um,  
n i t r o g e n ,  argon and carbon d i o r i d e :  

D i 2  1 = k(W / A  \1 .33  I 
9 01 

( 1 )  

where k i s  a c o r r e l a t i o n  c o e f f i c i e n t  t h a t  i s  a 
f u n c t i o n  of t he  gas used t o  a tomize  water  j e t s .  
Equat ion  ( 1 )  can be r e w r i t t e n  i n  terms o f  gas mass- 
f l u x  as f o l l o w s :  

= k( ) ' * 3 3  
pgVg 

( 2 )  

Values o f  t he  c o r r e l a t i o n  c o e f f i c i e n t ,  k ,  fo r  each 
a t o m i z i n g  gas a r e  g i v e n  i n  Tab'le 1 .  

w i th  a t o m i z a t i o n  theory .q l  wh ich  p r e d i c t s  r e c i p r o -  
c a l  SMD t o  be d i r e c t l y  p r o p o r t i o n a l  t o  gas v e l o c i t y  
r a i s e d  t o  t h e  1.33 power. Th is  exponent a l s o  agrees 
w e l l  w i t h  the  r e s u l t s  p r e v i o u s l y  r e p o r t e d  i n  Ref .  1 
and the  va lue  o f  11.5 o b t a i n e d  for t h e  c o e f f i c i e n t  
k i s  i n  good agreement w i t h  t h a t  r e p o r t e d  i n  Ref.  7 
for t w o - f l u i d  a tomize rs  u s i n g  n i t r o g e n  gas. 

marked improvement t h a t  i s  o b t a i n e d  i n  f i n e n e s s  o f  
a t o m i z a t i o n  when a l ow-dens i t y  gas such as h e l i u m  i s  
used as t h e  a t o m i z i n g  gas for t w o - f l u i d  f u e l  nozz les  
o p e r a t i n g  a t  a c o u s t i c  gas v e l o c i t i e s .  The a t t a i n -  
ment of  a l a r g e  l i q u i d - s u r f a c e  area  pe r  u n i t  volume 
of l i g u i d ,  i . e . .  l a r g e  va lues  (of r e c i p r o c a l  SMD, 

D i2 ,  w i t h  t h e  use of h e l i u m  i s  a t t r i b u t e d  t o  t h e  low 
mo lecu la r  we igh t  and t h e r e f o r e  h i g h  a c o u s t i c - v e l o c i t y  
of he l i um.  On t h e  o t h e r  hand, t h e  h i g h e r  mo lecu la r  
we igh ts  and lower  a c o u s t i c  v e l o c i t i e s  o f  argon and 
carbon d i o x i d e  make them much l e s s  e f f i c i e n t  as 
a tomiz ing-gases  fo r  t w o - f l u i d  f u e l  nozz les  o p e r a t i n g  
a t  a c o u s t i c  gas v e l o c i t i e s .  

The four a t o m i z i n g  ases show good agreement 

A comparison o f  k v a l u e r  c l e a r l y  shows the  

1 

C o r r e l a t i o n  o f  Normal ized  Rec ip roca l  SMD w i th  Dimen- 
s ion 1 e's s Groups 

I n  t h e  s tudy  o f  l i q u i d - j e t  breakup i n  h i g h -  
v e l o c i t y  n i t r o g e n  g a s f l o w  t h a t  i s  r e p o r t e d  i n  
Re f .  1, i t  was found  t h a t  t h e  r e c i p r o c a l  o f  t h e  no r -  
m a l i z e d  SMD, (D32/Do)-1, c o u l d  be d i r e c t l y  c o r r e -  
l a t e d  w l t h  t h e  p r o d u c t  o f  t h e  Weber and Reynolds 
numbers, We Re, m u l t i p l i e d  by  t h e  g a s - t o - l i q u i d  den- 
s i t y  r a t i o ,  pgIp l ,  as f o l l o w s :  

0 . 4 4  Do/D32 = k'(We Re p / p  ) 
9 1  

( 3 )  

2 2 3  where We Re = Dop9Vc/plu and Vc i s  t h e  a c o u s t i c  

v e l o c i t y  o f  the  gas. A t o m i z a t i o n  d a t a  o b t a i n e d  f o r  
t h e  four a t o m i z i n g  gases a r e  shown i n  F i g .  6 .  From 
t h e  s lope  o f  t h e  p l o t s ,  a c o r r e l a t i o n  c o e f f i c i e n t  
k '  
ues o f  k '  a r e  recq rded  i n  Tab le  1 .  

was de termined for  each a tomiz ing-gas  and v a l -  

E f f e c t  of Atmiz inq -Gas  P r o p e r t i e s  on L i q u t d - J e t  
Breakup 

t o  s tudy  l i q u i d - j e t  breakup i n  t w o - f l u i d  a tomize rs  
by u s i n g  f o u r  d i f f e r e n t  atomizing-gases and c o r r e -  
l a t e  r e c i p r o c a l  Sauter  mean d iamete r ,  D i i ,  w i t h  
a tomiz ing-gas  p r o p e r t i e s .  A s  shown i n  F i g .  6. t h e  
p r o d u c t  of t h e  Weber and Reynolds numbers and t h e  
d e n s i t y  r a t i o  do  n o t  g i v e  a s i n g l e  c o r r e l a t i n g  
exp ress ion .  I n  o r d e r  to  accompl ish  the  o b j e c t i v e  
o f  t h i s  s tudy ,  t h e  normal ized  r e c i p r o c a l  Sauter  
mean d iamete r ,  DoID32, produced by  l i q u i d - j e t  
breakup w i th  t w o - f l u i d  a tomize rs  i s  a l s o  assumed to  
be a f u n c t i o n  of t h e  RMS v e l o c i t y  o f  t h e  gas mole- 
c u l e s ,  Vm, t h e  a c c e l e r a t i o n  of gas molecu les  due to  
g r a v i t y ,  g. a tomiz ing-gas  v i s c o s i t y ,  pg. and l i q u t d  
d e n s i t y ,  p1.  Us ing  d imens iona l  a n a l y s i s ,  t h e  fo l -  
l o w i n g  exp ress ions  a re  ob ta ined :  

The p r i m a r y  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was 

D0/D32 = f(VmBpg*P1 ,g) ( 4 )  

where Vm = f i / M g . 1 2  By r e w r i t i n g  Eq. ( 4 ) ,  

t h e r e  r e s u l t s :  

The p reced ing  equa t ion  i s  then expressed i n  terms o f  
the  mass- length-t ime system (where T i s  t ime :  M, 
mass; and L, l e n g t h )  t o  g i v e :  

so t h a t  fo r :  

M , O P a + d  

T, 0 = -b - 2 ~  -d 

L, 0 = -3a +b +c -d 

wh ich  may be w r i t t e n  as:  

a - -d 

b = - 2 ~  -d = -3d 

c = 3a -b +d 

S u b s t i t u t i o n  of these va lues  i n t o  Eq. ( 5 )  g i v e s :  

( 6 )  

( 7 )  

To o b t a i n  a genera l  c o r r e l a t i n g  e x p r e s s i o n  for 
t h e  fou r  a tomiz ing-gases ,  t h e  c o r r e l a t i o n  c o e f f i -  

s l ope  o f  t h i s  p l o t  shown i n  F i g .  7 .  t h e  f o l l o w i n g  
r e l a t i o n s h i p  i s  ob ta ined :  

c i e n t  k '  i s  p l o t t e d  a g a i n s t  plVm/gpg. 3 From t h e  

0.75 
(8)  

3 



where the exponent - d ,  d e r i v e d  from d imens ion less  
a n a l y s i s  i s  equal  to  0.75. Since t h i s  exponent i s  
f a i r l y  l a r g e ,  t he  v a r i a b l e s  pg, p i ,  \(m,,and g 
have a v e r y  impor tan t  e f f e c t  on the  l i q u i d - j e t  
breakup process .  
i n  which g i s  v a r i e d  t o  de termine i f  the  exponent 
0 .75  i s  c o r r e c t  for 9. 

To o b t a i n  a s i n g l e  c o r r e l a t i n g  c o e f f i c i e n t  f o r  
t he  a tomiz ing-gases ,  va lues  o f  Do/D32 a r e  p l o t t e d  
a g a i n s t  t he  p roduc t  of the  d imens ion less  groups 
g i v e n  i n  Eqs. ( 3 )  and ( 8 ) .  as shown i n  F i g .  8 .  Thus 
the  f o l l o w i n g  exp ress ion  i s  o b t a i n e d  for  the  f o u r  
a t o m i z i n g  gases: 

M i c r o g r a v i t y  s t u d i e s  a r e  needed 

( 9 )  

S ince  We Re(p  / p  ) = D2(p V ) 3 /p lp1~ ,  i t  i s  e v i d e n t  

t h a t  t h e  r e c i p r o c a l  Sauter  mean d iamete r  i s  p ropor -  
t i o n a l  t o  V, , p1 0 ' 3 1  , pg -0 '75  and gas mo lecu la r  

we igh t  r a i s e d  t o  t h e  -0.46 power. For t he  l i q u i d  

p r o p e r t i e s ,  D i 2  i s  p r o p o r t i o n a l  t o  pl , u 

and p y ' 3 1 .  These exponents g i v e  f a i r l y  good agree- 
ment w i t h  those p r e d i c t e d  by a t o m i z a t i o n  theo ry ,  as 
shown i n  Table 2 .  There fo re  E q .  ( 9 ) ,  a l t hough  i t  
was d e r i v e d  for w a t e r - j e t  breakup, shou ld  g i v e  
f a i r l y  good r e s u l t s  i n  p r e d i c t i n g  f u e l - j e t  breakup 
i n  Mach 1 gas f l ow  w i t h  t w o - f l u i d  nozz les .  

g 1  0 9 c  

1 -0.44 -0.44 

C o r r e l a t i o n  o f  Exponents f o r  D rops ize  D i s t r i b u t i o n  
Express ions  

The s c a t t e r e d - l i g h t  scanner gave d a t a  f o r  t h e  
exponent Nr, wh ich  ap ears  i n  the  Rosin-Rammler 
exp ress ion  as f o l l o w s : q 3  

Nr-1 
Nr - ( x / c )  e dv NrX &=F (10) 

Data  were a l s o  o b t a i n e d  for  the  exponent 
appears i n  t h e  Nukiyama-Tanasawa exp ress ion  as 

N,, wh ich  

f o l l o w s  : 13 

6/Nn 5 -bX Nn dv b 
dx = r ( 6 / N n )  e 
- -  ( 1 1 )  

From a p l o t  o f  t h e  d a t a  o b t a i n e d  w i t h  the  f o u r  
a tomize rs ,  as shown i n  F i g .  9 ,  t he  f o l l o w i n g  r e l a -  
t i o n  was de termined:  

0.45 N r = 2.8Nn (12 )  

which i s  t h e  same as t h a t  d e r i v e d  i n  R e f .  1 .  Thus 
i t  was found t h a t  t he  r e l a t i o n  between exponents 
and N r  was n o t  a p p r e c i a b l y  a f f e c t e d  when the  
a tomiz ing-gas  mo lecu la r  we igh t  was v a r i e d  f rom 4 
t o  44. 

Nn 

Summary o f  Resu l t s  

t h i s  
From t h e  c o r r e l a t i n g  express ions  d e r i v e d  i n  
s tudy ,  i t  i s  e v i d e n t  t h a t :  

4 

1 .  The e f f e c t  of  atomizing-gas d e n s i t y ,  p g ,  on 
spray d rops i ze  i s  t h e  same as t h a t  of  a c o u s t i c  . -  

1 v e l o c i t y ,  vC.  i . e . ,  oi2 ( p  v ) 1 . 3 3  
9 c  

2 .  RMS gas m o l e c u l a r - v e l o c i t y ,  Vm, and a c o u s t i c  
mass- f lux ,  pgVc. have the  g r e a t e s t  e f f e c t  o f  a l l  
gas- and l i qu id -phase  p r o p e r t i e s  on the  process  o f  
l i q u i d - j e t  breakup i n  h i g h - v e l o c i t y  gas f l ow .  

1 3. The r e c i p r o c a l  SMD, D i 2 .  produced w i t h  two- 
f l u i d  a tomize rs  was cons ide rab ly  g r e a t e r  for  h e l i u m  
i n  comparison w i t h  n i t r o g e n ,  a t  t h e  same gas mass- 
f l u x .  The s u p e r i o r  performance o f  h e l i u m  gas as 
compared w i t h  t h a t  ob ta ined  w i t h  n i t r o g e n ,  i s  
a t t r i b u t e d  t o  t h e  r e l a t i v e l y  h i g h  a c o u s t i c  and RMS 
molecu la r  v e l o c i t i e s  o f  he l i um.  

Appendix - C h a r a c t e r i s t i c  D rops ize  o f  L i q u i d  Fue l -  
Sprays S imula ted  by Water-Jet  Breakup 

i n  H i g h - V e l o c i t y  Gasf low 

Values o f  l i q u i d  p r o p e r t i e s  g i v e n  i n  Tab le  3 
were used i n  Eq. ( 9 )  t o  c a l c u l a t e  r e c i p r o c a l  Sauter  
mean d iamete rs  for JP-5 and n-Octane f u e l - s p r a y s .  
These a r e  p l o t t e d  a g a i n s t  gas mass- f lux  i n  F i g .  10. 
Two s e t s  o f  p l o t s  a re  p resented .  The e l e v a t i o n  o f  
the  upper s e t  o v e r  t h e  lower  one shows t h e  e f f e c t  
on spray  su r face -a rea  t h a t  i s  o b t a i n e d ,  a c c o r d i n g  
to Eq. ( 9 ) .  when h e l i u m  gas i s  used i n  t w o - f l u i d  
a tomize rs  i n s t e a d  o f  n i t r o g e n  gas. From these 
p l o t s ,  va lues  o f  k were c a l c u l a t e d  and a r e  
recorded i n  Tab le  3 .  
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